Recently, it has been found that the degree distribution of a user network has a significant effect on the traffic carried by a telephone network. In this paper, we investigate the effect of user clustering on the telephone traffic based on computer simulations. Both uniform and scale-free user networks have been considered. In a uniform user network, it has been found that the carried traffic is not affected by the clustering. On the other hand, a scale-free user network with high clustering produces more carried traffic compared to one with smaller clustering because of the larger call arrival rate and the smaller call blocking rate. r
Introduction
Studies of complex networks have shown that the amount of clustering among the nodes can affect the performance of the networks. For example, when simple particle hopping models are used for modeling traffic flow in a communication network, results show that the dynamics is slowed down with a high clustering [1] . In another study, the computational performance of the Hopfield neural network model is found to improve with lower clustering for the same network structure [2] .
In the human society, networks formed by people are usually highly clustered [3, 4] . For example, colleagues working in the same organization are normally familiar with one another, thus forming a cluster. Also, two strangers become friends when they are introduced by a common friend, and the clustering of human networks is thus increased. In addition, studies have shown that the degree of many real networks follows a power-law distribution [5] [6] [7] . Such networks are also referred to as scale-free networks. By incorporating clustering into scale-free networks, a class of clustered, scale-free networks are formed and they have been widely investigated [8] [9] [10] [11] [12] .
The early application of the power-law characteristic to the study of telephone calls can be found in Ref. [13] . Subsequently, the power-law distribution has been used to describe the number of acquaintances in the user network for the study of telephone traffic [14] . In Ref. [14] , it is assumed that each user makes calls to his acquaintances. Also, users with a large number of acquaintances will make/receive more calls, whereas users with a small number of acquaintances will have fewer calls.
In this paper, we consider uniform and scale-free user networks. By varying the degree distribution and clustering of the user networks, we study the effect on the traffic carried in a telephone network.
User network model
Consider a network with N users. The users are represented by nodes in a graph whereas a connection between any two nodes indicates that the two corresponding users are acquaintances (friends or relatives) of each other. For a uniform user network, each node will have the same degree. For a scale-free user network, the degree distribution of the nodes follows a power law given by PðkÞ$k Àg , where PðkÞ is the probability of a node with degree k and g is the scaling exponent.
Scale-free networks can be created based on the Baraba´si-Albert (BA) or modified BA models [6, 15, 16] . In our study, the modified BA model will be used. We start with a network with m isolated nodes. At each time step, a new node together with m outgoing links is added to the network. The probability for each new link to connect to node i will be proportional to k i þ k 0 , where k i represents the degree of node i and Àmok 0 o1. Also, the exponent for the resultant network has been shown equal to g ¼ 3 þ k 0 =m [15, 16] .
After generating a uniform or scale-free user network, we alter the clustering of the network based on the technique described as follows. We first record the original degree of each of the nodes and we remove all links in the network. Then we reset the number of established connections of all nodes, denoted by n i ; i ¼ 1; 2; . . . ; N, to zero. A value between 0 and 1 is selected for the control parameter p. Setting i ¼ 1, we begin with the first node and reconnect the links of the nodes sequentially according to following algorithm. 
Traffic model
Depending on whether a user is being involved in a call or not, the user is considered as active or inactive. We also denote the state of the user as either ''busy'' or ''idle''. Fig. 1 illustrates the different scenarios when new calls are initiated. For an inactive user initiating a call, the call is either successful or blocked, depending on the callee being ''idle'' or ''busy''. (Here, we assume that the telephone system can provide sufficient channels for communication between users such that the calls will not be blocked due to channel limitations.) If an active user attempts to make a call, such calls will be ''unrealized'' regardless of the state of the callee. It is because we assume that anyone in the ''active'' state should not make any new calls [14] .
For the ith user, the traffic is generated according to the following model. We assume that the intercall time t follows an exponential distribution, i.e., the probability density function (pdf) of t equals [14] f ðtÞ ¼ l i e Àl i t .
In (1), l i is assumed to be proportional to the number of acquaintances of the ith user, i.e.,
where a40 is a proportionality constant that will determine the average call arrival rate among all users. For established calls, the call holding time T c has a negative exponential distribution and the pdf is given by
where 1=m denotes the average call duration.
Results and discussions
We study the telephone traffic based on simulations and we consider N ¼ 10; 000 users. In the construction of the scale-free user network, we use m ¼ 3 and k 0 ¼ À2:7, giving an average node degree k ¼ ð1=NÞ P N i¼1 k i ¼ 6 and a scaling exponent g ¼ 2:1. We also assume a ¼ 1=300 call/(min acquaintance) and 1=m ¼ 4 min. Hence the average call arrival rate l equals ak ¼ 0:02 call= min for the scale-free user network. To provide a fair comparison, we assume that each user is acquainted with six other users and the average call arrival rate for each user equals 0.02 call/min in the uniform user network. Fig. 1 . An active/inactive user is at a busy/idle state, and is/is not engaged in a conversation. Calls initiated by inactive users are either successful or blocked, whereas calls initiated by active users are always ''unrealized''. Fig. 2 plots the clustering coefficient C for the uniform user network when we vary the control parameter p in the network construction process. It can be observed that a wide range of clustering coefficient can be obtained by choosing an appropriate value for p, and that the clustering coefficient decreases with p. In particular, at p ¼ 0 and 1, C ¼ 0:60 and 4 Â 10 À4 , respectively. Fig. 3 plots the new call arrival rates and new call blocking rates for the uniform user networks. It can be found that the call arrival rates and call blocking rates are not affected by the control parameter p, implying that they are independent of the clustering coefficient. As a consequence, the carried traffic is expected to be independent of the value of p or the clustering coefficient, as can be readily observed in Fig. 4 . Fig. 2 . The clustering coefficient C of the uniform user network versus the control parameter p used in the construction of the network. A user is connected to a randomly selected user with probability p, and p ¼ 1 corresponds to a random network with uniform degree distribution. Fig. 5 plots the clustering coefficient C of the resultant scale-free user network when we vary the control parameter p during the network construction process. Note that for any individual user, the number of acquaintances (node degree) remains the same even when we vary p. Based on the graph, it is found that for nodes with degree above 3, the average clustering coefficient among these nodes decreases steadily with p. But for nodes with degree equals 3, the average clustering coefficient decreases initially when p is increased from 0.1 to 0.4. Then the clustering coefficient increases slightly when p is increased from 0.4 to 0.9, before dropping again when p is increased to 1.0. Because of the large number of nodes with degree 3, the average clustering ARTICLE IN PRESS The carried traffic is the sum of the call service time of all users for a given time period, i.e., 1 min, which is found to be independent of the clustering coefficient. Fig. 5 . The clustering coefficient C of the scale-free user network versus the control parameter p used in the construction of the network. A user is connected to a randomly selected user with probability p, and p ¼ 1 corresponds to a random network with scale-free degree distribution. For nodes with degree above 3, the average clustering coefficient decreases steadily with p. For nodes with degree equals 3, the average clustering coefficient decreases initially, then increases slightly before dropping again. The average clustering coefficient of the whole network follows a similar trend as that for nodes with degree equals 3. coefficient of the whole network is dominated by and follows a similar trend as that for nodes with degree equals 3. Fig. 6 plots the new call arrival rates and new call blocking rates for the scale-free user networks. Results show that in general, the call arrival rate decreases and the call blocking rate increases with p. Consequently, the carried traffic decreases with p, as shown in Fig. 7 . Comparing the results with those in Fig. 5 , it appears that for the scale-free user networks, the call arrival rates, the call blocking rates and the carried traffic change monotonically with the average clustering coefficient of nodes with degree more than 3.
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Next, we study in detail the cases in which the control parameter p equals 0 and 1, respectively, corresponding to a highly clustered scale-free user network and a loosely clustered one. Fig. 8 plots the carried traffic intensity against the average call arrival rate l, which is adjusted by changing the value of the proportionality constant a in (2) . The results show that more traffic can be carried as the average call arrival rate and hence offered traffic increases. In Fig. 9 , we investigate the effect of the average call duration 1=m on the carried traffic. As the average call duration increases, more traffic is being offered and it is found that more traffic is carried by the network. Based on the results in Figs. 8 and 9 , it can be observed that there is relatively more carried traffic in a highly clustered scale-free user network (p ¼ 0) compared to a loosely clustered one (p ¼ 1). Moreover, the discrepancy in carried traffic widens as the amount of offered traffic increases.
Finally, we investigate the effect of the scaling exponent g on the carried traffic. A smaller value for g implies that there is a relatively large number of users with a relatively large number of acquaintances. In this study, for each value of g, a new scale-free network needs to be created based on the modified BA method. Then the links are reconnected for the cases p ¼ 0 and 1, respectively. Therefore, when g varies, both the degree distribution and the clustering of the network change. However, the fact that the clustering coefficient corresponding to p ¼ 0 is larger than that of p ¼ 1 remains valid. In Fig. 10 , we observe that the carried traffic intensity increases with the scaling exponent g and that a larger clustering results a higher carried traffic.
Conclusions
In this paper, the clustering effect of the user network on the telephone traffic has been studied. Two types of user networks, namely uniform user network and scale-free user network, have been considered. Results show that the clustering has no effect on the traffic of a uniform user network. For a scale-free user network, a larger scaling exponent or a larger clustering in general allows more traffic to be carried by the telephone network. Fig. 10 . Average carried traffic intensity versus scaling exponent g. a ¼ 1=300 call=ðmin acquaintanceÞ and l ¼ 0:02 call/min. A smaller scaling exponent implies that there is a relatively large number of users with a relatively large number of acquaintances. Both the degree distribution and the clustering of the network change with the scaling exponent. The clustering coefficient corresponding to p ¼ 0 is always larger than that of p ¼ 1. The carried traffic intensity increases with the scaling exponent and that a larger clustering results a higher carried traffic.
